It is shown that the resonance Kondo tunneling through a double quantum dot ͑DQD͒ with even occupation and singlet ground state may arise at a strong bias, which compensates the energy of singlet/triplet excitation. Using the renormalization group technique we derive scaling equations and calculate the differential conductance as a function of an auxiliary dc bias for parallel DQD described by SO (4) symmetry. We analyze the decoherence effects associated with the triplet/singlet relaxation in DQD and discuss the shape of differential conductance line as a function of dc bias and temperature.
I. INTRODUCTION
Many fascinating collective effects, which exist in strongly correlated electron systems ͑metallic compounds containing transition and rare-earth elements͒ may be observed also in artificial nanosize devices ͑quantum wells, quantum dots, etc.͒. Moreover, fabricated nanoobjects provide unique possibility to create such conditions for observation of many-particle phenomena, which by no means may be reached in ''natural'' conditions. Kondo effect ͑KE͒ is one of such phenomena. It was found theoretically 1,2 and observed experimentally 3-5 that the charge-spin separation in low-energy excitation spectrum of quantum dots under strong Coulomb blockade manifests itself as a resonance Kondo-type tunneling through a dot with odd electron occupation N ͑one unpaired spin Sϭ1/2). This resonance tunneling through a quantum dot connecting two metallic reservoirs ͑leads͒ is an analog of resonance spin scattering in metals with magnetic impurities. A Kondo-type tunneling arises under conditions which do not exist in conventional metallic compounds. The KE emerges as a dynamical phenomenon in strong time dependent electric field, [6] [7] [8] [9] [10] it may arise at finite frequency under light illumination. [11] [12] [13] Even the net zero spin of isolated quantum dot ͑even N) is not an obstacle for the resonance Kondo tunneling. In this case it may be observed in double quantum dots ͑DQD͒ arranged in parallel geometry, 14 in T-shaped DQD, 14 -16 in two-level single dots 17, 18 or induced by strong magnetic field [19] [20] [21] [22] whereas in conventional metals magnetic field only suppresses the Kondo scattering. The latter effect was also discovered experimentally. [23] [24] [25] One of the most challenging options in Kondo physics of quantum dots is the possibility of controlling the Kondo effect by creating the nonequilibrium reservoir of fermionic excitations by means of strong bias eVӷT K applied between the leads 26 (T K is the equilibrium Kondo temperature which determines the energy scale of low-energy spin excitations in a quantum dot͒. However, in this case the decoherence effects may prevent the formation of a full scale Kondo resonance ͑see, e.g., discussion in Refs. 27-29͒. It was argued in recent disputes that the processes, associated with the finite current through a dot with odd N may destroy the coherence on an energy scale ⌫ӷT K and thus prevent formation of a ground state Kondo singlet, so that only the weak coupling Kondo regime is possible in strongly nonequilibrium conditions.
In the present paper we discuss Kondo tunneling through DQD with even N, whose ground state is a spin singlet ͉S͘. It will be shown that the Kondo tunneling through excited triplet state ͉T͘ arises at finite eV. In this case the ground state is stable against any kind of spin-flip processes induced by external current, the decoherence effects develop only in the intermediate ͑virtual͒ triplet state, and the estimates of decoherence rate should be revisited.
As was noticed in Ref. 15 , quantum dots with even N possess the dynamical symmetry SO(4) of spin rotator in the Kondo tunneling regime, provided the low-energy part of excitation spectrum is formed by a singlet-triplet ͑ST͒ pair, and all other excitations are separated from the ST manifold by a gap noticeably exceeding the tunneling rate ␥. A DQD with even N in a side-bound ͑T-shape͒ configuration where two wells are coupled by the tunneling v and only one of them ͑say, l) is coupled to metallic leads (L,R) is a simplest system satisfying this condition. 15 Such system was realized experimentally in Ref. 30 . Novel features introduced by the dynamical symmetry in Kondo tunneling are connected with the fact that unlike the case of conventional SU(2) symmetry of spin vector S, the SO(4) group possesses two generators S and P. The latter vector describes transitions between singlet and triplet states of spin manifold ͑this vector is an analog of Runge-Lenz vector describing the hidden symmetry of hydrogen atom͒. As was shown in Ref. 14, this vector alone is responsible for Kondo tunneling through quantum dot with even N induced by external magnetic field.
Another manifestation of dynamical symmetry peculiar to DQDs with even N is revealed in this paper. It is shown that in the case when the ground state is singlet ͉S͘ and the S/T gap ␦ӷT K , a Kondo resonance channel arises under a strong bias eV comparable with ␦. The channel opens at ͉eVϪ␦͉
II. COTUNNELING HAMILTONIAN OF T-SHAPED DQD
The basic properties of symmetric DQD occupied by even number of electrons Nϭ2n under strong Coulomb blockade in each well are manifested already in the simplest case n ϭ1, which is considered below. Such DQD is an artificial analog of a hydrogen molecule H 2 . If the interwell Coulomb blockade Q is strong enough, one has Nϭn l ϩn r , n l ϭn r ϭ1, the lowest states of DQD are singlet and triplet and the next levels are separated from ST pair by a charge transfer gap ϳQ. We assume that both wells are neutral at n l,r ϭ1. Then the effective interwell exchange I responsible for the singlet-triplet splitting arises because of tunneling v between two wells, Iϭv 2 /Qϭ␦. It is convenient to write the effective spin Hamiltonian of isolated DQD in the form
͑1͒
where X ⌳⌳Ј ϭ͉⌳͗͘⌳Ј͉ is a Hubbard configuration change operator ͑see, e.g., Ref.
31͒, E T ϭE S ϩ␦, ϭϮ,0 are three projections of Sϭ1 vector. Two other terms completing the Anderson Hamiltonian, which describes the system shown in Fig. 1 ͑left panel͒, are
͑2͒
The first term describes metallic electrons in the leads and the second one stands for tunneling between the leads and the DQD. Here ␣ϭL,R marks electrons in the left and right lead, respectively, the bias eV is applied to the left lead, so that the chemical potentials are FL ϭ FR ϩeV, W ⌳ is the tunneling amplitude for the well l ͑left͒, ͉͘ are one-electron states of DQD, which arises after escape of an electron with spin projection from DQD in a state ͉⌳͘.
We solve the problem in a Schrieffer-Wolff ͑SW͒ limit, 31 when the activation energies ͉E ⌳ ϪE Ϫ F␣ ͉ and Coulomb blockade energy Q are essentially larger then the tunneling rate ␥, and charge fluctuations are completely suppressed both in the ground and excited state of DQD. In this limit one may start with the SW transformation, which projects out charge excitations. We confine ourselves with the bias eVՇ␦ӶD, where D is the width of the electrons in the leads, so the leads are considered in the SW transformation as two independent quasi equilibrium reservoirs ͑see Refs. 
1 are the Pauli matrices and unity matrix, respectively. The effective exchange constants are
In this approximation the small differences between singlet and triplet states are neglected. In addition, J ␣␣ Ј ⌳⌳Ј ϳI in real DQD.
Two vectors S and P with spherical components
obey the commutation relations of o 4 algebra The cotunneling in the ground singlet state is described by the first term of the Hamiltonian ͑7͒, and no spin flip processes accompanying the electron transfer between the leads emerge in this state. However, the last term in Eq. ͑7͒ links the singlet ground state with the excited triplet and opens a Kondo channel. In equilibrium this channel is ineffective, because the incident electron should have the energy ␦ to be able to initiate spin-flip processes. We will show in the next section that the situation changes radically, when strong enough external bias is applied.
III. KONDO SINGULARITY IN TUNNELING THROUGH DQD AT FINITE BIAS
We deal with the case, which was not met in the previous studies of non-equilibrium Kondo tunneling. The ground state of the system is singlet, and the Kondo tunneling in equilibrium is quenched at Tϳ␦. Thus, the elastic Kondo tunneling arises only provided T K ӷ␦ in accordance with the theory of two-impurity Kondo effect. 15, 35, 36 However, the energy necessary for spin flip may be donated by external electric field eV applied to the left lead, and in the opposite limit T K Ӷ␦ the elastic channel emerges at eVϷ␦. The processes responsible for resonance Kondo cotunneling at finite bias are shown in Fig. 1 ͑left panel͒.
In conventional spin Sϭ1/2 quantum dots the Kondo regime out of equilibrium is affected by spin relaxation and decoherence processes, which emerge at eVӷT K ͑see, e.g., Refs. 9,27-29͒. These processes appear in the same order as Kondo cotunneling itself, and one should use the nonequilibrium perturbation theory ͑e.g., Keldysh technique͒ to take them into account in a proper way. In our case these effects are expected to be weaker, because the nonzero spin state is involved in Kondo tunneling only as an intermediate virtual state arising due to S/T transitions induced by the second term in the Hamiltonian ͑3͒, which contains vector P. The nonequilibrium repopulation effects in DQD are weak as well ͑see next section, where the nonequilibrium effects are discussed in more details͒.
Having this in mind, we describe Kondo tunneling through DQD at finite eVՇ␦ within the quasiequilibrium perturbation theory in a weak coupling regime ͑see the quasiequilibrium approach to description of decoherence rate at large eV in Ref. 27͒. To develop the perturbative approach for TϾT K we introduce the temperature Green's functions ͑GF͒ for electrons in a dot, G ⌳ ()ϭϪ͗T f ⌳ () f ⌳ † (0)͘, and GF for the electrons in the left ͑L͒ and right ͑R͒ lead,
Performing a Fourier transformation in imaginary time for bare GF's, we come to following expressions:
with ⑀ n ϭ2T(nϩ1/2) and m ϭ2T(mϩ1/3). 32, 33 The first leading and next to leading parquet diagrams are shown on Fig. 2 .
Corrections to the singlet vertex ⌫(,0;Ј,0) are calculated using an analytical continuation of GF's to the real axis and taking into account the shift of the chemical potential in the left lead. Since the electron from the left lead tunnels into the empty state in the right lead separated by the energy eV, we have to put ϭeV, Јϭ0 in the final expression for ⌫(,0;Ј,0). Thus, unlike conventional Kondo effect we deal with the vertex at finite frequency similarly to the problem considered in Ref. 27 . We assume that the leads remain in equilibrium under applied bias and neglect the relaxation processes in the leads ͑''hot'' leads͒. In a weak coupling regime TϾT K the leading non-Born contributions to the tunnel current are determined by the diagrams of Figs. 2͑b͒-2͑e͒.
The effective vertex shown in Fig. 2͑b͒ is given by the following equation:
Changing the variable ⑀ kL for ⑀ kL ϪeV one finds that
Here Dϳ F is a cutoff energy determining effective bandwidth, is a density of states on a Fermi level and f () is the Fermi function. Therefore, under condition ͉eVϪ␦͉ Ӷmax͓eV,␦͔ this correction does not depend on eV and becomes quasielastic. 
At eVϳ␦ӷT this contribution is estimated as
Similar estimates for Figs. 2͑d͒ and 2͑e͒ give
Then ⌫ LR (2e) ()Ӷ⌫ LR (2d) () at eV→␦. Thus, the Kondo singularity is restored in nonequilibrium conditions where the electrons in the left lead acquire additional energy in external electric field, which compensates the energy loss ␦ in a singlet-triplet excitation. The leading sequence of most divergent diagrams degenerates in this case from a parquet to a ladder series.
Following the poor man's scaling approach, we derive the system of coupled renormalization group ͑RG͒ equations for Eq. ͑7͒. The equations for LL cotunneling are
The scaling equations for J LR ⌳ are as follows:
One-loop diagrams corresponding to the poor man's scaling procedure are shown in Fig. 3 . To derive these equations we collected only terms ϳ(J T ) n ln nϩ1 (D/T) neglecting contributions containing ln͓D/(eV)͔. The analysis of RG equations beyond the one loop approximation will be published elsewhere.
The solution of the system ͑13͒ reads as follows:
Here ␣ϭL, ␣ЈϭL,R. One should note that the Kondo temperature is determined by triplet-triplet processes only in spite of the fact that the ground state is singlet. One finds from Eq. ͑14͒ that T K ϭD exp͓Ϫ1/(J 0 T )͔. This temperature is noticeably smaller than the ''equilibrium'' Kondo temperature T K0 , which emerges in tunneling through triplet channel in the ground state, namely, T K ϷT K0 2 /D. The reason for this difference is the reduction of usual parquet equations for T K to a simple ladder series. In this respect our case differs also from conventional Kondo effect at strong bias, 27 where the nonequilibrium Kondo temperature T*ϷT K0 2 /eV arises. In our model the finite bias does not enter T K because of the compensation eVϷ␦ in spite of the fact that we take the argument ϭeV in the vertex ͑9͒.
The
37͒ is the universal function of two parameters T/T K and eV/T K , G 0 ϭe 2 /ប:
Its behavior as a function of bias and temperature is shown in Fig. 4 . It is seen from this picture that the resonance tunneling ''flashes'' at eVϳ␦ and dies away out of this resonance. In this picture the decoherence effects are not taken into account, and it stability against various non-equilibrium corrections should be checked.
IV. DECOHERENCE EFFECTS
We analyze now the decoherence rate ប/ d associated with T/S transition relaxation induced by cotunneling. The calculations are performed in the same order of the perturbation theory as it has been done for the vertex renormalization To estimate the decoherence effects, one should calculate the decay of the triplet state or in other terms to find the imaginary part of the retarded self-energy of triplet semifermion propagators at actual frequency ͓see discussion before Eq. ͑9͔͒, ប/ d ϭϪ2 Im ⌺ T R (). The second and third order diagrams determining ប/ d are shown in Figs. 5͑a͒-5͑d͒. Two leading terms given by the diagrams of Figs. 5͑a͒, 5͑b͒ describe the damping of triplet excitation due to its inelastic relaxation to the ground singlet state. These terms are calculated in Appendix ͓see Eqs. ͑A8͒, ͑A10͔͒. One finds from these equations that the relaxation rate associated with ST transition is
It should be noted that for corrections associated with LL ͑RR͒ diagrams ͓Fig. 5͑a͔͒, describing cotunneling processes on a left ͑right͒ lead, the use of quasiequilibrium technique is fully justified when the leads themselves are in thermal equilibrium. We are interested in the zero frequency damping at resonance eVϷ␦. 
͑18͒
The Re ⌺ R ͓Figs. 5͑a͒, 5͑b͔͒ is given by
where a 2 ϳ1 is a numerical coefficient. As it is seen, the perturbative equation for Re ⌺ R is beyond the scope of leading-log approximation. As a result, ␦*(eV)Ϫ␦Ӷ␦ and repopulation of the triplet state is exponentially small. The corresponding factor in the occupation number is
The effects of repopulation become important only at eVӷ␦ when ͉␦*Ϫ␦͉ϳ␦. In that case the quasiequilibrium approach is not applicable and one should start with the Keldysh formalism. 27, 28 This regime is definitely not realized in conditions considered above.
Next second order contribution is the damping of triplet state itself given by Eqs. ͑A12͒, ͑A14͒. It is seen from these equations that this damping is of threshold character
where () is a Heaviside step function. These processes emerge only at Ͼ␦, so unlike the conventional case 27 they are not dangerous.
Corresponding contribution to Re ⌺ R casts the form
where b 2 ϳ1.
Next, one has to check whether the higher order logarithmic corrections modify the estimate ͑17͒. These corrections start with the third order terms shown in Figs. 5͑c͒, 5͑d͒.
Straightforward calculations lead to eV(J/D)
3 ln(D/eV) correction ͓see the first term Eq. ͑A23͔͒. This leading term like the second order term originates from T→S spin relaxation processes. All other contributions are either of threshold character, or vanish at →0. As a result, the estimate
holds. The topological structure ͑sequence of intermediate singlet and triplet states and cotunneling processes in the left and right lead͒ in perturbative corrections for the triplet selfenergy part is different from those for the singlet-singlet vertex ͑see Appendix͒. Namely, the leading ͑ladder͒ diagrams for the vertex contain maximal possible number of intermediate triplet states, whereas the higher order nonthreshold log-diagrams for the self-energy part must contain at least one intermediate singlet state. As it is seen from the Appendix ͓Eqs. ͑A18͒-͑A23͔͒, the higher order contributions to Im ⌺ T () are not universal and the coefficients in front of log have sophisticated frequency dependence. As a result, the perturbative series for triplet self-energy part cannot be collected in parquet structures and remain beyond the leadinglog approximation discussed in the Sec. III. There is no strong enhancement of the second order term in SO(4) spin rotator model in contrast to SU(2) case discussed in Ref. 27 . As was pointed out above, the main reason for differences in estimates of coherence rate is that in case of QD with odd N, the Kondo singlet develops in the ground state of the dot, and decoherence frustrate this ground state. In DQD with even N the triplet spin state arises only as a virtual state in cotunneling processes, and our calculations demonstrate explicitly that decoherence effects in this case are essentially weaker. The third order correction to Re ⌺ is given by
͑see Appendix͒. This correction also remains beyond the leading-log approximation.
Thus we conclude that the decoherence effects are not destructive for Kondo tunneling through T-shaped DQD, i.e., the
This interval is wide enough because ␦/DӶ1 in the Anderson model. The same calculation procedure may be repeated in Keldysh technique. It is seen immediately that in the leadinglog approximation the off-diagonal terms in Keldysh matrix are not changed in comparison with equilibrium distribution functions because of the same threshold character of repopulation processes, so in the leading approximation the key diagram Fig. 5͑b͒ ͑determining L-R current through the dot͒ calculated in Keldysh technique remains the same as Eqs.
͑A8͒-͑A10͒.
In fact, repopulation effects result in asymmetry of the Kondo-peak similar to that in Ref. 28 due to the threshold character of Im ⌺ TTT ͑see Appendix͒. This asymmetry becomes noticeable at eVӷ␦, where our quasiequilibrium approach fails, but this region is beyond our interest, because the bias-induced Kondo tunneling is negligible at large biases ͑see Fig. 4͒ .
V. CONCLUDING REMARKS
We have shown in this paper that the tunneling through DQD with even N with singlet ground state and triplet excitation divided by the energy gap ␦ӷT K from the singlet state exhibits a peak in differential conductance at eVϷ␦ ͑Fig. 4͒. This result is in striking contrast with the zero bias anomaly ͑ZBA͒ at eVϷ0 which arises in the opposite limit ␦ϽT K . In the latter case the Kondo screening is quenched at energies less than ␦, so the ZBA has a form of a dip in the Kondo peak ͑see Ref. 18 for a detailed explanation of this effect͒.
In this case strong external bias initiates the Kondo effect in DQD, whereas in a conventional situation ͑QD with odd N spin 1/2 in the ground state͒ strong enough bias is destructive for Kondo tunneling. We have shown that the principal features of Kondo effect in this specific situation may be captured within a quasiequilibrium approach. The scaling equations ͑13͒, ͑14͒ can also be derived in SchwingerKeldysh formalism ͑see Refs. 28,33͒ by applying the ''poor man's scaling'' approach directly to the dot conductance. 8 Of course, our RG approach is valid only in the weak coupling regime. Although in our case the limitations imposed by decoherence effects are more liberal than those existing in conventional QD, they apparently prevent the full formation of the Kondo resonance. To clarify this point one has to use a genuine non-equilibrium approach, and we hope to do it in forthcoming publications.
One should mention yet another possible experimental realization of resonance Kondo tunneling driven by external electric field. Applying the alternate field VϭV ac cos(t) to the parallel DQD, one takes into consideration two effects, namely, ͑i͒ enhancement of Kondo conductance by tuning the amplitude of ac voltage to satisfy the condition ͉eV ac Ϫ␦͉ӶT K and ͑ii͒ spin decoherence effects due to finite decoherence rate. 8 One can expect that if the decoherence rate ប/ӷT K ,
whereas in the opposite limit ប/ӶT K ,
is averaged over a period of variation of ac bias. In this case the estimate ͑15͒ is also valid.
In conclusion, we have provided an example of Kondo effect, which exists only in non-equilibrium conditions. It is driven by external electric field in tunneling through a quantum dot with even number of electrons, when the low-lying states are those of spin rotator. This is not too exotic situation because as a rule, a singlet ground state implies a triplet excitation. If the ST pair is separated by a gap from other excitons, then tuning the dc bias in such a way that applied voltage compensates the energy of triplet excitation, one reaches the regime of Kondo peak in conductance. This theoretically predicted effect can be observed in dc-and acbiased double quantum dots in parallel geometry. 
APPENDIX
We calculate perturbative corrections for ⌺() by performing analytical continuation of ⌺(i n ) into upper half plane of . The parameter of perturbation theory is JӶ1 where denotes the density of states for conduction electrons at the Fermi surface.
The second order self-energies have the following structure ͑the indices T and ST in exchange vertices are temporarily omitted͒:
The Green functions ͑GF͒ are defined in Eq. ͑8͒. Performing summation over Matsubara frequencies 1 , 2 and replacing the summation over k 1 ,k 2 by integration over 1 , 2 in accordance with standard procedure, we come to following expression:
Here we assumed that conduction electron's band has a width Wϭ2D, ⑀ F ϳD and ϭ1/D in order to simplify our calculations. This assumption is sufficient for log-accuracy of our theory. The Lagrange multipliers S,T are different for singlet ͑triplet͒ GF, namely, S ϭE S and T ϭE T ϩiT/3. To account for decoherence effects in the same order of perturbation theory as we have done for the vertex corrections, we focus on the self-energy ͑SE͒ part of triplet GF. This SE has to be plugged in back to a semifermionic propagator to provide a self-consistent treatment of the problem. We denote the self-energy parts associated with singlet/triplet and triplet/triplet transitions as ⌺ TST and ⌺ TTT , respectively.
To prevent double occupancy of singlet/triplet states we take the limit Re͓ S,T ͔ӷT in the numerator of Eq. ͑A2͒. As a result, Eq. ͑A2͒ casts the form
͑A3͒
Since all spurious states are ''frozen out'' we can put S ϭ0 and T ϭ␦ϭE T ϪE S in denominator ͑in the latter case we perform a shift T ϭ T ϪiT/3) and proceed with the analytical continuation i n →ϩi0 ϩ . Without loss of generality we assume Ͼ0. As a result, we get for retarded ͑R͒ self-energies
where P denotes the principal value of the integral.
We start with discussion of self-energy parts determining the spin relaxation due to T→S transitions shown in Figs. 5͑a͒, 5͑b͒. Assuming TӶD and neglecting temperature corrections at low temperatures ӷT, we get
͑A9͒
In the opposite limit Tӷ
where ln ␥ϭCϭ0.577••• is the Euler constant.
Next we turn to calculation of the triplet level damping due to TT relaxation processes ͓Figs. 5͑a͒, 5͑b͔͒. According to the Feynman codex, we can put E S ϭ0 at the first stage since the population of triplet excited state is controlled by finite level splitting ␦. The contribution from diagram Fig.   5͑a͒ is given by
͑A13͒
Similarly for Fig. 5͑b͒ ,
and, with logarithmic accuracy
͑A15͒
The threshold character of relaxation determined by the Fermi golden rule is the source of asymmetry in broadening of triplet line ͑see the text͒. Now we turn to calculation of the third order diagrams ⌺ (3) shown in Figs. 5͑c͒, 5͑d͒.
Evaluation of Matsubara sums gives
͑A17͒
Let us consider first the case 1 ϭ 2 ϭ S ϭ0 which corresponds to two singlet fermionic lines inserted in self-energy part. Analytical continuation leads to following expression for ⌺ 
͑A19͒
where Li 2 (x) is a dilogarithm function. 40 As we already noticed, the first log correction to Im ⌺ appears only in third order of the perturbation theory. Thus,
with coefficient a,b,c,dϳ1. These results are consistent with the Abrikosov-Migdal theory 38, 39 for SU͑2͒ Kondo model.
We assume now that 1 ϭ 2 ϭ T ϭ␦. It corresponds to the situation when both internal semifermionic GF correspond to different components of the triplet. Following the same routine as for calculation of ⌺ (2) we find
Thus, the corrections to the relaxation rate associated with transitions between different components of the triplet have a threshold character determined by the energy conservation. Finally, we consider a possibility when two internal semifermionic GF correspond to different states, e.g., 1 ϭ S ϭ0, whereas 2 ϭ T ϭ␦. Performing the calculations, one finds 5͑d͒ results in additional suppression of corresponding contribution for ϽeV, which, in turn, prevents the effective renormalization of the vertex J S in contrast to the processes shown in Fig. 3 . The leading corrections in the fourth order of perturbation theory are shown in Figs. 6͑a͒- 
